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ABSTRACT 

A well-preserved nearly complete avian tarsometatarsus was collected by the 2002 expe¬ 
dition of the Mongolian Academy of Sciences from upper Eocene deposits exposed at the 
locality of Alag Tsav in the Eastern Gobi desert (Domogov Aimag) of Mongolia. The new 
specimen is identified as part of a proposed Eogruidae clade, although it is unclear whether it 
is appropriately the holotype of a new species within this clade or referable to a previously 
named species. The clade Eogruidae has, as its current contents, species named as part of the 
traditional families Eogruidae -I- Ergilornithidae, which include several taxa of completely 
didactylous and apparently flightless birds. Referral of the new fossil to the clade Eogmidae 
is on the basis of derived reduction/loss of the metatarsal II trochlea. 

A series of phylogenetic analyses was used to investigate the systematic position of Eogrui¬ 
dae (including the new fossil, IGM 100/1447), which have been proposed to be a dominant 
part of Eocene to Miocene Asian faunas. Eirst, the Mayr and Clarke (2003) dataset for crown 
clade Aves was used to investigate placement of Eogruidae within Aves, using a more com¬ 
pletely known eogruid, Eogrus aeola, as an exemplar taxon. Eogrus aeola was identical to 
the new tarsometatarsus for all scored characters. A strict consensus cladogram of three most 
parsimonious trees from 1000 replicate heuristic searches placed Eogrus aeola in an unre¬ 
solved polytomy with Psophiidae and Gruidae (Trumpeters and Cranes). 
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Given the results of this analysis, Eogruidae (including IGM 100/1447) was analyzed in the 
suborder Grues dataset of Livezey (1998). Eogruidae was placed as the sister taxon to an 
Aramidae + Gruidae clade in the strict consensus cladogram of the eight most parsimonious 
trees resulting from a branch and bound search. Because monophyly of the traditional order 
Gruiformes has been repeatedly questioned, and the outgroups used in the original Grues 
dataset were identified through analyses assuming monophyly, the impact of removing these 
assumptions was investigated. Placement was robust to both changing outgroup assumptions 
and to swapping in the more incompletely known IGM 100/1447 as an exemplar for Eogruidae. 


INTRODUCTION 

New fossil remains, including that de¬ 
scribed here, were collected in 2002 from up¬ 
per Eocene deposits exposed at the locality 
of Alag Tsav in the eastern Gobi desert (Dor- 
nogov Aimag) of Mongolia (fig. 1) by an ex¬ 
pedition of the Mongolian Academy of Sci¬ 
ences led by D. Dashzeveg. Alag Tsav (al¬ 
ternative spelling; Alag Tsab, Dashzeveg, 
1996a, 1996b) is located close to the Chinese 
border just southeast of the well-known Pa¬ 
leogene Ergilin-Dzo locality and 30 kilome¬ 
ters south of the center of Ulaan Badrakh 
Sum (Dashzeveg, 1985; Russell and Zhai, 
1987). The approximate coordinates of the 
locality were previously given as latitutde 
38°29'N; longitude 125°49'E; (Russell and 


Zhai, 1987). However, the location of the 
Alag Tsav indicated in the present paper (fig. 
1) is significantly different from this earlier 
work and is considered more accurate (Dash¬ 
zeveg, personal commun.). Alag Tsav was 
discovered by D. Dashzeveg in 1982 (Dash¬ 
zeveg, 1985). 

A well-preserved, nearly complete avian 
tarsometatarsus (IGM 100/1447; fig. 2) was 
found in a light grey sandstone in the main 
exposures of Alag Tsav, where it was asso¬ 
ciated with remains of Ardynomys russelli 
(Dashzeveg, 1996a). In addition to Ardyno¬ 
mys russelli (Cylindrodontidae), Hyaenodon 
(Hyaenodontidae), Gigantamynodon (Amy- 
nodontidae), Stenoplesictis (Viverridae), Te- 
leolophus (Deperetellidae), and the basal ru- 
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Fig. 1. Map of the Paleogene bird localities in the eastern Gobi Desert, Mongolia, including Alag 
Tsav, where the new fossil was recovered. 
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Eig. 2. The right tarsometatarsus IGM 100/1447 in (A) plantar, (B) lateral, (C) dorsal, (D) medial, 
(E) proximal and (F) distal views. Anatomical abhreviations: he hypotarsal canal, fs flexor sulcus, Ipc 
lateral plantar crest, pvf proximal vascular foramen, tet m. tibialis cranialis tubercles. 




4 


AMERICAN MUSEUM NOVITATES 


NO. 3494 


minant Archaeomeryx are also known from 
these deposits (Dashzeveg, 1985, 1996b; Rus¬ 
sell and Zhai, 1987). The Sevkhul Member 
(Ergilin Dzo Formation) has been correlated 
with deposits overlying the avian fossil bear¬ 
ing unit at Alag Tsav (Dashzeveg, 1996b: fig. 
1). Therefore, this unit must be older than the 
fossil-bearing units at the classic eastern Gobi 
localities of Ergilin Dzo and Khoer Dzan (fig. 
1), where the Sevkhul and overlying Ergilin 
Members of the Ergilin Dzo Formation (Rus¬ 
sell and Zhai, 1987) are exposed. 

The boundary between the Eocene and Ol- 
igocene in the section at Ergilin Dzo and 
Khoer Dzan has been interpreted to lie below 
the Ergilin Member (Ergilin Dzo Formation; 
Dashzeveg, 1996b). It is in the Ergilin Mem¬ 
ber that early Oligocene genera of mammals 
are first observed (e.g., Bothriodon, Entelo- 
don, Ronzotherium\ Dashzeveg 1996b; Rus¬ 
sell and Zhai, 1987). The relationship of this 
boundary to intercontinental faunal correla¬ 
tions and the Eocene/Oligocene boundary in 
Europe and North America has been exten¬ 
sively discussed in Dashzeveg and Devyatkin 
(1986) and Dashzeveg (1993, 1996b). Fur¬ 
thermore, based on comparisons with well- 
known faunas from deposits in Inner Mon¬ 
golia, China, the exposures at Alag Tsav are 
interpreted as contemporaneous with the 
Shara Murun Formation exposed at Ulan Usu 
(Dashzeveg, 1985, 1991), assessed to be late 
Eocene in age (Russell and Zhai, 1987). Alag 
Tsav is one of the few localities in Mongolia 
interpreted to represent this part of the Eo¬ 
cene (Russell and Zhai, 1987). 

Avian fossils are comparatively abundant 
from the Late Eocene and Early Oligocene 
of the eastern Gobi Desert, where they have 
been recovered primarily from Khor Dzan 
and Ergilin Dzo in Mongolia and from the 
Shara Murun region of Inner Mongolia, Chi¬ 
na (fig. 1). The majority of these remains 
have been identified as part of a radiation of 
crane-like, cursorial birds and placed in ei¬ 
ther the Eogruidae or the Ergilornithidae 
families (Wetmore, 1934; Kozlova, 1960; 
Kurochkin, 1976, 1981, 1982). Nearly all of 
these remains are distal pelvic limb elements: 
tibiotarsi and tarsometatarsi (Wetmore, 1934; 
Kozlova, 1960; Kurochkin, 1976, 1981, 
1982) although a coracoid, a proximal hu¬ 
merus, as well as manual phalanges 1:1 and 


11:1 have also been identified (Wetmore, 
1934; Kurochkin, 1976, 1981). 

Wetmore (1934) originally named the fam¬ 
ily Eogruidae for the species Eogrus aeola. 
All of the remains that he referred to this 
species, and including those illustrated in this 
paper (figs. 3—7, 8B), were from localities in 
the Shara Murun region, China (fig. 1), and 
from deposits assessed to be middle Eocene 
in age (Ulan Shireh/Irdin Manha Formations; 
Russell and Zhai, 1987). These localities in¬ 
clude Chimney Butte, Camp Margetts, (e.g., 
AMNH 2946; figs. 6B, 7) and sublocalities 
southwest of Iren Dabasu. One specimen 
(AMNH 2947) was collected north of Ar- 
shanto Oho (Wetmore, 1934) and is also of 
middle Eocene age (Russell and Zhai, 1987) 
but from the Arshanto Formation (Radinsky, 
1964). 

Wetmore (1934) also discussed material 
identified as Eogrus sp. collected in Mon¬ 
golia near “Ardyn Oho” (i.e., Ergil Oho = 
sublocality of Ergilin Dzo, Ergilin Member, 
Ergilin Dzo Formation; early Oligocene, 
Russell and Zhai, 1987; fig. 1, this paper) and 
the Tunggur Formation exposed near Wolf 
Camp 40 miles southeast of Iren Dabasu, 
Shara Murun region (middle Miocene; Wang 
et ah, 2003). One of these specimens 
(AMNH 2949; fig. 8A), from the Tunggur 
Formation, originally considered to be from 
a distinct taxon closely allied with Eogrus 
aeola if not part of the same species (Wet¬ 
more, 1934: 12), was later indicated as the 
holotype specimen of a new species. This 
species, Eogrus wetmorei, named in a foot¬ 
note in Brodkorb (1967), was diagnosed by 
its being slightly smaller than Eogrus aeola. 
Subsequently, three additional species were 
named and placed in the Eogruidae: Eogrus 
crudus (Kurochkin, 1981) from middle upper 
Eocene at Tsagan Khutel, central Mongolia 
(Russell and Zhai, 1987); Eogrus turanicus 
(Bendukidze, 1971) from middle-upper Eo¬ 
cene near the Kalmakpai River, Kazakhstan; 
and Sonogrus gregalis (Kurochkin, 1981) 
from the upper Eocene—lower Oligocene ex¬ 
posed at Khor Dzan (Sevkhul Member, Er¬ 
gilin Dzo Formation). 

Eogrus was placed in its own subfamily 
Eogruinae within the traditional suborder of 
Gruiformes, Grues, and the family Gruidae by 
Brodkorb (1967). Ergilomis, named by Ko- 
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zlova in 1960, was placed within a separate 
family within Grues, Ergilomithidae, which 
also includes the completely didactylous Mio¬ 
cene Amphipelargus (= Urmiomis, Harrison, 
1981, though see Karhu, 1997). In sum, five 
species of Eogruidae and seven of Ergilorni- 
thidae (sensu Brodkorb, 1967) have been 
identified (reviewed in Kurochkin, 1981 and 
Karhu, 1997). Stratigraphy seems to have 
been taken into consideration in the identifi¬ 
cation of subsequent eogruid species. Eor ex¬ 
ample, it is doubtful that Eogrus wetmorei 
would have been diagnosed as a distinct spe¬ 
cies (Brodkorb, 1967) were it not for its mid¬ 
dle Miocene age (Cracraft, 1973) especially 
since its diagnosis as smaller than that of 
Eogrus aeola (Brodkorb, 1967) does not hold, 
given the size range of specimens referred to 
Eogrus aeola (e.g., AMNH 2946; fig. 8). 

Wetmore (1934) considered eogruids 
closely related to Gruidae (Cranes). Cracraft 
(1969) mentioned a clade including Eogrui¬ 
dae, Gruidae, Aramidae (Limpkin), and Pso- 
phiidae (Trumpeters) as supported, and later 
figured (Cracraft, 1973; fig. 46) an Ergilor- 
nithidae -f Eogruidae clade as the sister tax¬ 
on to a Gruidae, Aramidae -I- Psophiidae 
clade (i.e.. Cranes sister taxon of a Limpkin 
+ Trumpeters clade). Gruidae was placed as 
the sister taxon of Aramidae with alterna¬ 
tively Psophiidae (Livezey, 1998) or a Pso¬ 
phiidae + Opisthicomidae clade (Livezey 
and Zusi, 2001) as its immediate outgroup. 
More recently a Gruidae -I- Aramidae clade 
with Psophiidae as its sister taxon was also 
recovered from molecular data (e.g., Cracraft 
et ah, 2004; Pain and Houde, 2004). A Pso¬ 
phiidae -f Gruidae clade was also recovered 
with bootstrap support (Aramidae was not in¬ 
cluded) in Mayr and Clarke (2003). 

Institutional Abbreviations: AMNH 
American Museum of Natural History, New 
York; IGM Institute of Geology, Mongolian 
Academy of Sciences, Ulaan Baatar; PIN Pa¬ 
leontological Institute of the Russian Acad¬ 
emy of Sciences, Moscow. 

SYSTEMATIC PALEONTOLOGY 
AVES LINNAEUS, 1758 
GRUES BONAPARTE, 1854 
GRUOIDEA VIGORS, 1825 
EOGRUIDAE WETMORE, 1934 
The original diagnosis of the family 
Eogruidae (Wetmore 1934: 3) was “related 


to Gruidae but with lateral trochlea of meta¬ 
tarsus reduced and simplified in form, the leg 
and foot being modified for running, legs 
long and slender . . . ”. Modification for run¬ 
ning was inferred to be manifest in the con¬ 
formation of the distal tarsometatarsus in¬ 
cluding, “robustness” of the metatarsal III 
trochlea and reduction of the metatarsal II 
and IV trochleae (Wetmore, 1934: 11). Weak 
development of the wing on the medial plan¬ 
tar surface of metatarsal II, with eight other 
morphologies of the tarsometatarsus and ti- 
biotarsus, was additionally identified to dif¬ 
ferentiate the single species of Eogruidae he 
named (Wetmore, 1934: 3-4). Cracraft 
(1973), in his extensive review of fossil 
Grues, revised the diagnosis of the Eogruidae 
to include not only the reduction of the meta¬ 
tarsal II and IV trochleae but also their lack 
of plantar deflection. 

A more marked reduction in the metatarsal 
II trochlea relative to that observed in the 
new fossil and in species of the family 
Eogruidae is present in the traditional family 
Ergilomithidae (Cracraft, 1973; Kurochkin, 
1976, 1981, 1982; Olson, 1985). Indeed, Er- 
gilornithidae have been diagnosed by the re¬ 
duction of metatarsal II trochlea to a “small 
stub” (e.g., Cracraft (1973; 73). Reduction of 
the metatarsal II trochlea is considered here 
to be diagnostic of a clade whose current 
contents include the species recognized as 
parts of these two traditional families (e.g., 
Brodkorb, 1967; Kurochkin, 1981; Karhu, 
1997). Eogruidae is used as the name for this 
clade as it was the first higher taxon name 
proposed (Wetmore, 1934). Eogrus aeola 
(holotype specimen, AMNH 2936; Wetmore, 
1934) is named as the internal specifier (sen¬ 
su Cantino and de Queiroz, 2000) for the 
clade, as its first-named included species. 

The contents of the traditional family 
Eogruidae may be paraphyletic with respect 
to Ergilomithidae. Indeed, Eogruidae was re¬ 
peatedly suggested to be “ancestral” or to 
have given rise to Ergilomithidae (Cracraft, 
1973; Kurochkin, 1976, 1981, 1982). The 
taxa included in the family Eogruidae were 
distinguished from Ergilomithidae by reten¬ 
tion of the following plesiomorphic mor¬ 
phology for Grues (and for Aves generally); 
the presence of a comparatively less reduced 
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metatarsal II trochlea (Cracraft, 1973; Ku¬ 
rochkin, 1976, 1981, 1982). 

“Eogruidae” is recommended, but not de¬ 
fined, as an apomorphy-based name (de 
Queiroz and Gauthier, 1992) for the clade, 
including all taxa with a reduced, or lost, 
metatarsal II trochlea homologous with 
Eogrus aeola. The taxon Ergilornithidae is 
not revised or defined here. The name Ergi¬ 
lornithidae is used here to refer to contents 
specified by the last revisers of the taxon 
(Kurochkin, 1981; Karhu, 1997). These con¬ 
tents are considered part of the clade Eogrui¬ 
dae as the name is used in the current paper. 
It is clear that taxonomic conventions main¬ 
taining Ergilornithidae at the same rank as 
Eogruidae confound more than they clarify 
understanding about the evolution of this 
group. 

Specimen IGM 100/1447 is identical to 
Eogrus aeola for the morphologies repre¬ 
sented by 24 cladistic characters from the 
Livezey (1998) dataset and 7 characters from 
the Mayr and Clarke (2003) dataset (i.e., 
those preserved and able to be evaluated in 
the new fossil; appendix 1). It is referred to 
Eogruidae on the basis of proposed autapo- 
morphies of the distal tarsometatarsus ap¬ 
proaching the morphologies referenced by 
previous diagnoses (e.g., Wetmore, 1934; 
Cracraft, 1973) and considered to diagnose 
an Eogruidae clade relative to other Grues 
(sensu Livezey, 1998). All of these apomor- 
phies are of the metatarsal II trochlea and 
could describe the reduction in this trochlea 
noted previously (Wetmore, 1934; Cracraft, 
1973). The description of these characters 
follows. The metatarsal II trochlea is propor¬ 
tionally narrower in Eogruidae. It lacks a me- 
dioplantar wing, a more extreme condition 
than seen in other Grues, and than those 
compassed by Livezey (1998: 2121, charac¬ 
ter 351:0). Additionally, the metatarsal II 
trochlea is slightly less plantarly projected 
than that of IV (figs. 2E, 6C). Weak plantar 
projection (the metatarsal II trochlea equal to 
that of IV in extent) is addressed by Livezey 
(1998: 2121, character 352: 0), however, the 
metatarsal II trochlea being less projected 
plantarly than IV is not compassed by the 
character states identified. 

It is possible that IGM 100/1447 repre¬ 
sents a new species (see further comments in 


the Discussion); however, it is here consid¬ 
ered Eogruidae incertae sedis pending direct 
comparison with the other named eogruid 
species (e.g., Sonogrus gregalis\ Kurochkin, 
1981; see Discussion) and the discovery of 
relevant new material. If further reduction of 
the metatarsal II trochlea is found to diag¬ 
nose an Ergilornithidae clade within the pro¬ 
posed Eogruidae clade, as appears supported, 
then IGM 100/1447 is outside of this Ergi¬ 
lornithidae clade. 

DESCRIPTION OE THE 
NEW SPECIMEN 

IGM 100/1447 is a nearly complete right 
tarsometatarsus (fig. 2). It is from a species 
close in size to extant species of Gruidae in¬ 
cluding, for example, Balearica pavonina 
(Black-Crowned Crane; e.g., AMNH 10775). 
The tarsometatarsus of IGM 100/1447 is just 
slightly shorter than that of this species. A 
small portion of the lateroplantar surface of 
the hypotarsus and the intercotylar area are 
missing (fig. 2A, E). The intercotylar process 
is well projected and dorsally bulbous with 
a defined, curved dorsodistal margin (fig. 
2C). The dorsal openings of the proximal 
vascular foramina are subequal in size, ad¬ 
jacent, and set in a deep infracotylar fossa 
(fig. 2C). Their plantar exits are also sube¬ 
qual in size with the lateral placed just slight¬ 
ly distal to the medial (compare fig. 2B, D). 
Several additional smaller foramina are de¬ 
veloped on the dorsal tarsometatarsal mid¬ 
line, proximal and distal to the paired foram¬ 
ina and to the well-projected tubercles of the 
m. tibialis cranialis, respectively (fig. 2C). 
The extensor retinaculum tubercles on the 
proximodorsal surface of metatarsal II are 
also well developed (fig. 2C). 

The parahypotarsal fossae are shallow 
with the medial slightly deeper than the lat¬ 
eral. The medial fossa extends well distal to 
the hypotarsus. There is only one hypotarsal 
canal developed in the hypotarsus, which is 
medially located and is inferred to corre¬ 
spond to Canal I of Strauch (1978; fig. 2A, 
E). There is a smoothly angling lateral mar¬ 
gin to the distal opening of this canal that 
continues into the distally extensive lateral 
hypotarsal ridge. This lateral hypotarsal crest 
extends farthest distally (fig. 2A), while the 
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Eig. 3. Two right tarsometatarsi (in dorsal 
view) collected in 1928 from a quarry at the 
Chimney Butte locality, Shara Murun region. 


medial crest is projected farthest plantarly 
(fig. 2E). The two laterally developed, ex¬ 
tremely superficial hypotarsal sulci in Eogrus 
aeola (Wetmore, 1934) may also have been 
present, but the bone surface in the new fos¬ 
sil is inadequately preserved to discern this 
with confidence. 

The shaft of the tarsometatarsus is robust, 
with its proximal and distal ends notably 
broad for its length, especially when com¬ 
pared with the Eogrus aeola holotype and 
referred specimens (compare figs. 2, 3). The 
lateral plantar crest is very well projected, 
although its plantar projection appears slight¬ 
ly exaggerated by breakage (fig. 2A). The 
medial crest extends farther proximally than 
this lateral crest to reach the medial edge of 
the hypotarsus. It bounds one side of a com¬ 
paratively pronounced flexor sulcus distally 
(fig. 2A). 

The trochlea of metatarsal II is conspicu¬ 
ously narrower than that of metatarsal IV 
(fig. 2F) and is approximately one half the 
width of that of metatarsal III. The metatarsal 

III trochlea is proportionally broader than 
that of Eogrus aeola (compare figs. 2, 3). 
Neither the metatarsal II nor the metatarsal 

IV trochlea is significantly plantarly deflect¬ 
ed, and both lack pronounced wings on their 
medial and lateral plantar edges, respectively 
(fig. 2F). Metatarsal IV exceeds II slightly in 
distal extent and plantar deflection. Fossa 
metatarsi I is not strongly demarcated but 
rather developed as a broad, shallow concav¬ 
ity (fig. 2A). 

PHYLOGENETIC ANALYSES 

Analyses of two datasets (Mayr and 
Clarke, 2003 for Aves; Livezey, 1998 for 


middle Eocene Irdin Manha Eormation: (A) 
AMNH 2936, the Eogrus aeola holotype speci¬ 
men, (B) AMNH 2931, referred to Eogrus aeola 
and figured in Wetmore (1934). Wetmore (1934) 
figured the distal tarsometatarsus of an Eogrus 
aeola referred specimen (AMNH 2937; fig. 3B, 
5B, 6C, this paper) and not the holotype specimen 
(Wetmore, 1934: fig. 2). In the holotype specimen 
(AMNH 2936) the metatarsal IV trochlea was 
broken and improperly reattached (figs. 3A, 5A, 
6A). Anatomical abbreviations: pvf proximal vas¬ 
cular foramen, rap reattachment point of broken 
distal metatarsal II, tct tibialis cranialis tubercles. 
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Fig. 4. Proximal ends of the right tarsometatarsi comprising (A) the holotype, AMNH 2936, and 
(B) a referred specimen, AMNH 2937, of Eogrus aeola in proximal view. Anatomical abbreviations: 
he hypotarsal canal, ica intercotylar area, tub muscular tubercle. 


Grues) investigated the systematic position 
of the new fossil and Eogruidae. The more 
completely known Eogrus aeola was used as 
an exemplar for Eogruidae in these analyses. 
The Eogrus aeola terminal was scored from 
AMNH 2936, the Eogrus aeola holotype 
specimen, as well as from AMNH 2937 and 
AMNH 2946, referred to Eogrus aeola. 
Character entries for this terminal in the two 
datasets were identical to that for the new 
fossil, IGM 100/1447 (and to the Eogrus 
wetmorei holotype, AMNH 2949), for all 
scored characters in common (appendix 1). 
The metatarsal II trochlea characters present 
in IGM 100/1447, and Eogruidae more 
broadly (see Systematic Paleontology), were 
unique among the taxa sampled. As such, 
they would not have been uninformative for, 
and were not included in, the phylogenetic 
analyses. 

Seven characters from Mayr and Clarke 
(2003) could be evaluated for the new fossil 
(see appendix 1) while these and an addi¬ 
tional two tibiotarsal characters could be 
scored for Eogrus aeola. Analysis of the 
complete Mayr and Clarke (2003) dataset 
with the Eogrus aeola terminal was per¬ 
formed using PAUP*4.08b (Swofford, 2002) 
and the same heuristic search parameters as 
in the primary analysis of the original pub¬ 
lication: 1000 replicates of random stepwise 


addition (branch swapping: tree-bisection-re¬ 
connection) were performed holding only 
one tree at each step. No more than 10 trees 
one step longer than the shortest were re¬ 
tained in each replicate. Branches were col¬ 
lapsed to create polytomies if the minimum 
branch length was equal to zero. With the 
same settings as in the primary analysis, 
1000 bootstrap replicates were also per¬ 
formed. 

Three most parsimonious topologies re¬ 
sulted (Length; 819, Cl: 0.33, RI; 0.48, RC: 
0.16). The strict consensus cladogram of 
these trees recovered a Psophiidae + Eogrus 
aeola + Gruidae clade (fig. 9). Six unambig¬ 
uously optimized synapomorphies supported 
this clade in all three most parsimonious 
trees (i.e., 36:1 otic process of quadrate with 
a cluster of small pneumatic openings, 56:1 
notarium present, 71:2 sternum with 7—8 
sternal rib articular surfaces, 72:1 dorsal sur¬ 
face of sternum with numerous pneumatic 
foramina, 73:1, caudal margin of sternum 
with two notches/fenestrae, 102:1 distal rim 
of medal condyle of tibiotarsus notched) al¬ 
though this clade was not recovered in great¬ 
er than 50% of the bootstrap replicates. Char¬ 
acter 102:1, the presence of a notch in the 
medial condyle of the distal tibiotarsus, is the 
only one of these unambiguously optimized 
synapomorphies preserved in Eogrus aeola. 
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Eig. 5. Distal ends of the right tarsometatarsi comprising (A) the holotype, AMNH 2936, and (B) 
a referred specimen, AMNH 2937, of Eogrus aeola in plantar view. Anatomical abbreviations: mpc 
medial plantar crest, rap reattachment point of broken distal metatarsal 11. 


The Livezey (1998) Grues dataset with the 
addition of the Eogrus aeola terminal and the 
new fossil was then analyzed using 
PAUP*4.08b (Swofford, 2002). Twenty-four 
characters from Livezey (1998) could be 
evaluated for the new fossil (see appendix 1) 
while these and nine additional tibiotarsal 


characters could be scored for Eogrus aeola. 
The suborder Grues dataset of Livezey 
(1998) was modified to exclude detailed re¬ 
consideration of Ralloidea interrelationships. 
Six taxa placed as parts of the basal three 
divergences within Ralloidea were included 
(of the 204 Ralloidea sampled in Livezey, 



Pig. 6. Tarsometatarsi of the (A) holotype specimen of Eogrus aeola, AMNH 2936 (right side), and 
referred specimens (B) AMNH 2946 (left side), and (C) AMNH 2937 (right side) in distal view. 
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Fig. 7. The (A) left manual phalanx 11:1 in ventral view and (B) left distal tarsometatarsus in dorsal 
view of AMNH 2946, a specimen (or possibly specimen “lot”; see Wetmore, 1934: 9) referred to 
Eogriis aeola and collected from Camp Margetts, Shara Murun region, Irdin Manha Formation in 1930. 


1998) to represent this clade (i.e., Heliopais 
personata, Podica senegalis, Heliornis fuli- 
ca, Himantornis haematopus, Gymnocrex ro- 
senbergii, and Gymnocrex plumbeiventris\ 
Livezey, 1998: fig. 1). 

The 26 ingroup terminals and the one out¬ 
group, “Ancestor 2” of Livezey (1998), 
were first analyzed in a branch and bound 
search including IGM 100/1447. Branches 
were collapsed to create polytomies if the 
minimum branch length was equal to zero. 
Of the 570 characters in the Grues dataset 
(Livezey, 1998), 205 were parsimony infor¬ 
mative (21 of which were specified as or¬ 
dered per Livezey, 1998) for the reduced 
number of included taxa. Eight most parsi¬ 
monious trees (Length: 340, Cl: 0.74, RI: 
0.91, RC: 0.67) resulted. A strict consensus 
cladogram of these trees recovered IGM 100/ 


1447 as part of Gruoidea (sensu Livezey, 
1998; this paper, fig. 10). One character 
placed IGM I00/I447 closer to an Aramidae 
-f Gruidae clade than to Psophiidae (353:0, 
trochlea metatarsi II subequal to IV in distal 
projection, distal end reaching approximately 
middle of trochlea metatarsi IV; fig. 10), and 
the plesiomorphic states for two characters 
place the new fossil outside Aramidae -I- 
Gruidae clade (351:0 trochlea metatarsi II 
“eminentia plantaris” [Livezey, 1998], or la- 
teroplantar wing, moderately developed rath¬ 
er than conspicuously enlarged [fig. 2A, F]; 
and 352:0 plantar extent of trochlea metatarsi 

11 less than that of trochlea metatarsi IV [fig. 
2F]). Monophyly of Gruidae is supported by 

12 optimized synapomorphies (59:1, 103:4, 
155:1, 224:1, 234:1, 258:0, 325:1, 341:1, 
371:2, 476:1, 487:2, 533:2). 1000 bootstrap 
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Eig. 8. Distal tibiotarsi of (A) AMNH 2949, 
the Eogrus wetmorei holotype specimen (Brod- 
korb, 1967) in anterior view and (B) AMNH 2946 
(see figs. 6B, 7), referred to Eogrus aeola (Wet- 
more, 1934). The Eogrus wetmorei holotype 
(Brodkorb, 1967) was collected from Wolf Camp, 
40 miles southeast of Iren Dabasu, Shara Murun 
region, from the Miocene Tunggur Eormation. 
Anatomical abbreviations: fs flexor sulcus; tub 
preserved base of muscular tubercle referenced by 
characters 321 of Livezey (1998) and 101 of Mayr 
and Clarke (2003). 

replicates were also performed with the same 
settings as in the primary analysis (fig. 10). 

Analysis of this dataset including the 
Eogrus aeola terminal also resulted in eight 
most parsimonious trees with a placement for 
that taxon identical to that of IGM 100/1447 
but one step longer (Length: 341, Cl: 0.74, 
RI: 0.91, RC: 0.67). Including both the 
Eogrus aeola and IGM 100/1447 terminals 
in a single analysis would result in opera¬ 
tionally redundant terminal taxa because they 
are identical for all scored characters in com¬ 
mon (as mentioned above). 

Unfortunately, the hypothetical ancestor 
outgroup specified for the Grues dataset us¬ 
ing a larger analysis of Gruiformes (i.e.. An¬ 
cestor 2 of Livezey, 1998) may not be ap¬ 
propriate as gruiform monophyly has been 
repeatedly questioned and was not supported 
in some recent analyses (Mayr and Clarke, 


2003, and literature cited therein). Further, 
Rallidae was supported as the sister taxon to 
a Psophiidae -I- Eogrus aeola + Gruidae 
clade in the reanalysis of the Mayr and 
Clarke (2003) dataset in only two of the three 
most parsimonious trees, while another tra¬ 
ditional gruiform taxon, Otidae, was sup¬ 
ported as its sister in the third. Although 
gruiform monophyly generally, and the po¬ 
sition of Rallidae, specifically, may be sup¬ 
ported by future analyses, it was important 
to consider the effect of these contested as¬ 
sumptions about Gruoidea outgroups on the 
placement of Eogruidae. 

The modified Grues dataset was reana¬ 
lyzed excluding both Livezey’s Ancestor 2 
outgroup and Ralloidea (leaving 118 parsi¬ 
mony informative characters and 21 taxa). 
The same position of Eogrus aeola and IGM 
100/1447 was recovered in the strict consen¬ 
sus cladogram of the four resultant most par¬ 
simonious trees (Length; 172, Cl; 0.82, RI; 
0.92, RC: 0.75 and Length; 173, Cl; 0.82, 
RI; 0.92, RC: 0.75 respectively). Thus, the 
inferred phylogenetic position of Eogruidae, 
as represented from IGM 100/1447 or 
Eogrus aeola, is robust to both the increased 
missing data in the new fossil (appendix 1) 
and to removing several assumptions about 
the position of Grues in Aves and relative to 
other parts of traditional gruiforms. 

Six of the thirty-five distal tibiotarsal and 
tarsometatarsal characters potentially able to 
be evaluated for Eogruidae (i.e., characters 
321—330, 332—356) were identified as diag¬ 
nostic apomorphies of Grues subclades be¬ 
cause they had a Cl of 1.0 (Livezey, 1998: 
table 3; characters 321, 324, 325, 327, 341, 
354). The presence of an enlarged medially 
placed tubercle on the anterior surface of the 
distal tibiotarsus, character 321:1, was iden¬ 
tified as a diagnostic synapomorphy of Gruo¬ 
idea (Psophiidae + Aramidae + Gruidae; 
Livezey, 1998) and appears equivalent with 
character 101:1 of Mayr and Clarke, (2003), 
the presence of a large tubercle located lat¬ 
erally adjacent to the distal end of the ossi¬ 
fied supratendinal bridge of the tibiotarsus. 
In Mayr and Clarke (2003) character 101:1 
optimized as a synapomorphy of Psophiidae 
+ Gruidae clade. 

This tubercle is present in both Eogrus 
aeola and Eogrus wetmorei, although its tip 
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is broken in the Eogrus wetmorei holotype 
specimen (fig. 8A), and it is not well pre¬ 
served in some material referred to Eogrus 
aeola (e.g., fig. 8B). It is conspicuous in il¬ 
lustrations of Ergilomis sp. (e.g., Kurochkin, 
1981: pi. 12), Amphipelargus (= Urmiornis, 
e.g., Kurochkin, 1981: pi. 15), as well as 
Sonogrus gregalis (e.g., Kurochkin, 1981: 
pis. 6—7). It has the same optimization (i.e., 
as a synapomorphy of Gruoidea) in the re¬ 
analyses of the Grues dataset (Livezey, 1998) 
and a consistent optimization in one of the 
three resultant trees from reanalysis of the 
Mayr and Clarke (2003) dataset. In the latter 
reanalysis, it was optimized as a synapomor¬ 
phy of Gruidae -I- Psophiidae -I- Eogrus aeo¬ 
la only in the one most parsimonious topol¬ 
ogy where Rallidae was not placed as the 
sister taxon of this clade; Rallidae is poly¬ 
morphic for this character (Mayr and Clarke, 
2003). 

Character state 324:1 (i.e., anterior face of 
the tibiotarsus flat or slightly concave for 
much of its length) was recognized as a di¬ 
agnostic apomorphy of the clade Gruidae -f 
Aramidae (Livezey, 1998). By contrast, 327: 
1 (i.e., tuberositas retinaculi m. fibularis 
prominent, typically ossified anteriorly to 
form a bridge or arch) and 354:1 (i.e., meta¬ 
tarsal II trochlea with a groove extending to 
its dorsal surface) were identified as diag¬ 
nostic apomorphies of Ralloidea (Livezey, 
1998). Eogrus aeola is missing data for that 
character (324:1) optimized for Gruidae -f- 
Aramidae and lacks these two derived mor¬ 
phologies identified as diagnostic for Rallo¬ 
idea. Of these characters, only 354 could be 
evaluated in the new fossil, which also lacks 
the derived condition present in Ralloidea 
(appendix 1). 

Characters 325:1 and 341:1 were opti¬ 
mized as diagnostic apomorphies of Gruidae 
in Livezey (1998: table 3). Eogrus aeola and 
Eogrus wetmorei have the derived gruid con¬ 
dition for one of these two characters, 325: 
1, which describes a distal notch in the lateral 
condyle of the tibiotarsus (Livezey, 1998). 
However, this character was ambiguously op¬ 
timized in the analyses including Eogrus 
aeola because of the outgroup position of 
this taxa relative to an Aramidae -I- Gruidae 
clade. This tibiotarsal character (325) could 
not be evaluated for IGM 100/1447, and thus 


TABLE 1 

Measurements of IGM 100/1447 and the 
Eogrus aeola Holotype, AMNH 2936 (in mm) 


Tarsometatarsus 

IGM 

100/ 

1447 

AMNH 

2936 

Maximum length 

200.0 

221.5 

Maximum proximal width 

Maximum proximal dorsoplantar 

23.4 

21.0 

dimension 

Plantar projection medial hypotarsal 

21.5 

20.2 

crest 

8.0 

8.5 

Hypotarsus maximum width 

10.1 

9.0 

Maximum distal width 

20.3 

21.5* 

Metatarsal II trochlea width 

4.0 

4.7 

Metatarsal III trochlea width 

10.0 

8.8 

Metatarsal IV trochlea width 

6.5 

6.2 


* Estimated: broken and reattached metatarsal II trochlea 
exaggerates width. 


unambiguously optimizes as a synapomor¬ 
phy of Gruidae in the reanalysis including 
only that terminal (fig. 10). Character 341 de¬ 
scribes the distal extent of the medial para- 
hypotarsal fossa relative to the hypotarsus, 
which is significant in the new fossil and 
Eogrus aeola. Reduction in distal extent 
(341:1) is unambiguously optimized as a 
synapomorphy of Gruidae in both the anal¬ 
ysis including Eogrus aeola and that includ¬ 
ing IGM 100/1447 (fig. 10). 

DISCUSSION 

The IGM 100/1447 differs from the ho¬ 
lotype specimen of Eogrus aeola and re¬ 
ferred specimens in being less gracile (com¬ 
pare fig. 2 and 3—5). It is shorter (200.0 mm; 
table 1) than this element in Eogrus aeola, 
even given the significant length variation re¬ 
ported for this taxon (e.g., 221—244 mm, 
Wetmore, 1934). Reported infraspecific var¬ 
iation for Rallidae and Gruidae is consider¬ 
able, and in several species identified as re¬ 
lated fossil taxa (i.e., Bathomis celeripes and 
Elaphrocnemus phasianus), such variation 
was greatest for measurements of the tarso- 
metatarsus (Cracraft, 1973). Sexual dimor¬ 
phism in size was manifest as a 17% differ¬ 
ence in proximal tarsometatarsus width in 
Grus grus (Stewart, 1999, in Gohlich, 2003) 
and varied from 9—19% for total tarsometa¬ 
tarsus length in two rail species (Cracraft, 
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1973). The difference between IGM 100/ 
1447 and the largest measured specimen of 
Eogrus aeola (Wetmore, 1934) is 18% of the 
latter specimen. In Eogrus aeola, also by 
contrast to IGM 100/1447, the dorsal tarso¬ 
metatarsal surface is more concave than flat 
(fig. 3A), and the metatarsal III trochlea is 
relatively narrower (compare fig. 2C, F with 
figs. 3-5). 

The new specimen shares three more pro¬ 
portional features with the just younger Son- 
ogrus gregalis (late Eocene; as illustrated in 
Kurochkin, 1981: pis. 4, 5) than it shares 
with the slightly older Eogrus aeola (middle 
Eocene; Russell and Zhai, 1987): the com¬ 
paratively greater lateral projection of distal 
metatarsal IV and narrower breadth of the 
metatarsal III trochlea just commented on 
above (compare Kurochkin, 1981: pi. 5 and 
our fig. 2C to our fig. 3C), as well as more 
angular rather than somewhat round tarso¬ 
metatarsal cotylae outlines (compare Kuro¬ 
chkin, 1981: pi. 4 and our fig. 2E to our 
fig. 4). 

The dorsoplantar diameter of the metatar¬ 
sal II trochlea is slightly greater in IGM 100/ 
1447 (fig. 2E) than in either Sonogrus gre¬ 
galis (Kurochkin, 1981: pi. 5) or Eogrus aeo¬ 
la (fig. 6). The latter morphology, if infra¬ 
specific variation were investigated and ruled 
out as an explanation of difference, could be 
used (with the combination of other mor¬ 
phologies discussed) to differentiate a new 
species of Eogruidae with IGM 100/1447 as 
its holotype specimen. However, given the 
considerable infraspecific variation in related 
taxa (Cracraft, 1973; Stewart, 1999 in Gbh- 
lich, 2003); the reported presence of two dis¬ 
tinct size classes of eogruids at Ergilin Dzo, 
and the difficulty of sorting isolated remains 
into distinct ergilornithid and eogruid species 
inferred present in a given locality (Kuroch¬ 
kin, 1976), we do can not rule out this ex¬ 
planation of the morphological differences 
noted. We also do not identify IGM 100/ 
1447 as a new species because anagenetic 
change cannot be ruled out as an explanation 
of difference (e.g., Eogrus aeola, IGM 100/ 
1447, and Sonogrus gregalis are each present 
in a distinct parts of the Eocene and Oligo- 
cene). Einally, barring inclusive restudy of 
variation in size and morphology across the 
abundant and poorly known Eogruidae taxa 


and broad taxonomic revision, designating 
the element described here as a new species 
would most likely simply add to future tax¬ 
onomic complexity. 

CONCLUSIONS 

The phylogenetic analyses presented here 
are the first to address the systematic position 
of a significant part of early Tertiary Asian 
faunas (e.g., Wetmore, 1934; Kurochkin, 
1976; Eeduccia, 1999). Placement of Eogrui¬ 
dae as the sister taxon to an Aramidae + 
Gruidae clade is robust to changing outgroup 
assumptions and to swapping in the more in¬ 
completely known IGM 100/1447 as an ex¬ 
emplar for Eogruidae. The structure of these 
analyses may serve as a useful case study of 
the possible methods for the treatment of the 
isolated bones that comprise the majority of 
the avian fossil record: generally, it is nec¬ 
essary to utilize available datasets but take 
into account the limited consensus regarding 
crown clade avian deep divergences. Analy¬ 
ses should first investigate placement within 
Aves and then proceed to interrelationships 
of a particular subclade. If the fossil in ques¬ 
tion is referable by a previously described 
synapomorphy to a particular subclade, such 
broader scale analyses should be used to in¬ 
form outgroup choice. It is further suggested 
not only to consider the resultant phyloge¬ 
netic placement but also to track the hierar¬ 
chical signal that supports the new fossil 
placement within a series of inter-nested 
clades, (e.g., Aves, Gruoidea; Phylogenetic 
Analyses, figs. 9,10). Eor example, place¬ 
ment of a specimen with synapomorphies of 
Aves, Neognathae, Neoaves and further in- 
ternested subclades is the basis for a more 
strongly supported hypothesis than a speci¬ 
men with an equal number of synapomor¬ 
phies optimized at a single derived subclade 
node (Clarke, 2002, 2004). Because of the 
small amount of preserved character data in 
isolated bones like IGM 100/1447, it is cru¬ 
cial to utilize any additional information, like 
the structure of this character support, to in¬ 
form the strength of their hypothesized 
placement. 

Eogruidae (including Ergilornithidae) has 
been the object of much commentary con¬ 
cerning a proposed diversification of large 
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Fig. 9. A strict consensus cladogram of the three most parsimonious trees (Length: 819, Cl: 0.33, 
RI: 0.48, RC: 0.16) from an analysis including Eogrus aeola in the modified Mayr and Clarke (2003) 
dataset. Characters unambiguously optimized as synapomorphies of a clade including Gruidae, Psophi- 
idae, and Eogrus aeola in all most parsimonious trees are listed next to the corresponding node with 
the form “character:state”: Aves (1:1, 100:1, 107:0*), Neognathae (20:1, 22:1, 29:1, 32:1, 79:1, 81:1, 
94:1), Neoaves (15:1, 16:1, 23:1, 93:1), Node 1. « Gruoidea (36:1, 56:1, 71:2, 72:1, 73:1, 102:1*). 
Character numbers reference Mayr and Clarke (2003) and those derived states followed by an asterisk 
(*) are preserved in IGM 100/1447. Bootstrap support values greater than 50% are given below and to 
the right of the nodes to which they refer. 

flightless avian cursors in the early Tertiary 
(e.g., Feduccia, 1999). It was suggested they 
were ancestors of the didactylous Ostrich 
(Struthio camelus) by those workers consid¬ 
ering extant ratite birds polyphyletic (e.g., 

Olson, 1985). However, reduction in meta¬ 
tarsal II was regarded as clearly convergent 
on the Ostrich condition by others (e.g.. Wet- 
more, 1934). Support from the present phy¬ 
logenetic analyses for placement of the 
eogruid/ergilornithid lineage within a mono- 
phyletic Gruoidea when taken with support 
from abundant other previously published 
molecular and morphological data (e.g., Cra- 
craft et ah, 2004; Fain and Houde, 2004 and 


citations therein) for placement of Struthion- 
idae within a monophyletic Palaeognathae 
indicates the evolution of a didactylous foot 
twice within the extant avian radiation; it is 
convergently present in ostriches and the Er- 
gilornithidae. 

Wetmore (1934) compared the cursorial 
“raptors” of the Cariamidae (Seriemas) to 
Eogrus aeola in their long and slender legs. 
From these features, he concluded that their 
habits could also have been similar (Wet- 
more, 1934). Reduction in the trochlea of 
metatarsals II and IV was taken to indicate 
that Eogrus aeola was more adapted to run¬ 
ning than Cariamidae and that Eogrus aeola 
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Eig. 10. A strict consensus cladogram of the eight most parsimonious trees (Length: 340, Cl 0.74, 
RI 0.91, RC 0.67) from an analysis including IGM 100/1447 in the modified Livezey (1998) Grues 
dataset. Characters unambiguously optimized as synapomorphies of a clade are listed next to the cor¬ 
responding node with the form “character:state”: Node 1: Gruoidea (32:2, 89:1, 114:2, 115:1, 116:1, 
134:1, 137:1, 202:1, 242:1, 272:1, 321:1, 366:1, 531:1), Node 2 (353:0*), Node 3 (351:11, 352:lt), 
Node 4: Gruidae (59:1, 103:4, 155:1, 224:1, 234:1, 258:0, 325:lt, 341:lt, 371:2, 476:1, 487:2, 533:2). 
Character numbers reference Livezey (1998). Those derived states followed by an asterisk (*) are pre¬ 
served in IGM 100/1447, and those followed by a dagger (t) could be evaluated but IGM 100/1447 
had the plesiomotphic condition. 


must also have had a weakened power of 
flight (Wetmore, 1934: 11). Consistent with 
this hypothesis is one proximal humerus 
(PIN 3110-60 identified as “Ergilornithidae 
indeterminate” of Kurochkin, 1976 and Er- 
gilornis minor'? of Kurochkin, 1981) reported 
from the Oligocene Ergilin Member (Ergilin 
Dzo Eormation) of Khoer Dzan with the re¬ 
duced deltopectoral crest and pronounced 
ventral tubercle found in other flightless avi¬ 
an taxa. 


The manual phalanx 11:1 of a specimen re¬ 
ferred to Eogrus aeola (fig. 7A) and possibly 
associated (see Wetmore, 1934) with a distal 
tarsometatarsus (fig. 7B) and tibiotarsus (fig. 
8A) is, however, nearly identical in mor¬ 
phology and relative size (contra Olson, 
1985) to the same element in extant Gruidae 
(e.g., Balearica pavonina. Black-Crowned 
Crane; e.g., AMNH 10775), which do not 
exhibit reduced flight capabilities. 

It has been hypothesized that Eogruidae 
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crossed from North America into Asia via an 
Eocene land bridge (e.g., Feduccia, 1999). 
However, it is not necessary to infer that 
these taxa needed to walk into Asia. Signif¬ 
icant reduction in flight ability, as well as a 
functionally didactylous foot, are only sup¬ 
ported later in Oligocene Eogruidae (consis¬ 
tent with Kurochkin, 1982; contra Olson, 
1985). Conflation of derived and basal parts 
of the radiation is undesirable. 
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APPENDIX 1 


Scored Characters eor IGM 100/1447, 
Eogrus aeola and Eogrus wetmorei 

IGM 100/1447 scoring in Mayr and Clarke 
(2003) dataset: 103:1, 104:0, 105:1, 106:0, 107:0, 
108:1, 109:0. 

Eogrus aeola scoring in Mayr and Clarke 
(2003) dataset: 101:1; 102:1, 103:1, 104:0, 105:1, 
106:0, 107:0, 108:1, 109:0. 

Eogrus wetmorei scoring Mayr and Clarke 
(2003) dataset: 101:1; 102:1. IGM 100/1447 scor¬ 
ing in Livezey (1998): 332:?, 333:0, 334:0, 335: 
0, 336:0, 337:0, 338:0, 339:0, 340:0, 341:0, 342: 
0, 343:0, 344:0, 345:0, 346:0, 347:0, 348:0, 349: 
0, 350:0, 351:0, 352:0, 353:0, 354:0, 355:0 
356:0. 


IGM 100/1447 scoring in Livezey (1998) da¬ 
taset: 333:0, 334:0, 335:0, 336:0, 337:0, 338:0, 
339:0, 340:0, 341:0, 342:0, 343:0, 344:0, 345:0, 
346:0, 347:0, 348:0, 349:0, 350:0, 351:0, 352:0, 
353:0, 354:0, 355:0 356:0. 

Eogrus aeola scoring in Livezey (1998) data¬ 
set: 321:1, 322:0, 323:0, 324:7, 325:1, 326:0, 327: 
0, 328:0, 329:0, 330:0/1, 331:7, 332:7, 333:0, 334: 
0, 335:0, 336:0, 337:0, 338:0, 339:0, 340:0, 341: 
0, 342:0, 343:0, 344:0, 345:0, 346:0, 347:0, 348: 
0, 349:0, 350:0, 351:0, 352:0, 353:0, 354:0, 355: 
0 356:0 (91.3% missing in Livezey [1998] 
Gruiformes dataset; 94.2% in Grues dataset). 

Eogrus wetmorei scoring in Livezey (1998) da¬ 
taset: 321:1, 322:0, 323:0, 324:7, 325:1, 326:0, 
327:0, 328:0, 329:0, 330:0/1. 




Complete lists of all issues of the Novitates and the Bulletin are available at World Wide Web 
site http://library.amnh.org/pubs. Inquire about ordering printed copies via e-mail from 
scipubs@amnh.org or via standard mail from: American Museum of Natural History, Library— 
Scientific Publications, Central Park West at 79th St., New York, NY 10024. TEL: (212) 769- 
5545. FAX: (212) 769-5009. 


@ This paper meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper). 



